The lysozyme from bacteriophage T4 is being used as a model system to determine the roles of individual amino acids in the folding and stability of a typical globular protein. One general finding is that the protein is very adaptable, being able to accommodate many potentially destabilizing replacements.
We have been using the lysozyme from bacteriophage T4 as a model system to determine the roles of individual amino acids in the folding of the protein. Such studies also provide quantitative information on the contributions that different types of interactions (hydrogen bonds, hydrophobic interactions, salt bridges etc.) make to the protein stability.
Tolerance to Change
One of the encouraging developments has been the relative freedom with which amino acid replacements can be introduced in a protein of interest.
To investigate the ability of T4 lysozyme to accommodate potentially destabilizing amino acid substitutions, and also to investigate the steric requirements for catalysis, proline was substituted at different sites within the long a-helix that connects the amino-terminal and carboxy-terminal domains' (Fig. 1) . Of the four substitutions attempted, three yielded folded, functional proteins. The catalytic activities of these three mutant proteins (Q69P, D72P and A74P) are 60-90% that of wild-type. Their melting temperatures are 7-12 "C less than that of wild-type at pH 6.5. Mutant D72P formed crystals isomorphous with wild-type allowing the structure to be determined at high resolution. In the crystal structure of wild-type lysozyme the interdomain a-helix has an overall bend angle of 8.5". In the mutant structure the introduction of the proline causes this bend angle to increase to 14" and also causes a corresponding rotation of 5.5" of the carboxy-terminal domain relative to the aminoterminal one. Except for the immediate location of the proline substitution there is very little change in the geometry of the interdomain a-helix. The results support the view that protein structures are adaptable and can compensate for potentially destabilizing amino acid substitutions. The results also suggest that the precise shape of the active site cleft of T4 lysozyme is not critical for catalysis.'
Toward a Simplification of the Protein-folding Problem
Although it has long been recognized that the amino acid sequence of a protein determines its three-dimensional structure, recent work has made it clear that certain amino acids are more important than others in the folding process. At some positions, typically the solvent-exposed or mobile sites in the folded protein, amino acids can be interchanged almost at will with little apparent effect on folding or ~tability?~ These amino acids seem to be unimportant in protein folding. On the other hand, sites at which amino acid replacements substantially destabilize folded proteins appear to be mostly restricted to the buried or rigid parts: suggesting that the amino acids at these positions are important in determining the folded conformation.
The observation that many amino acids in a protein sequence can be freely replaced with little if any effect on protein stability leads one to consider the protein folding problem in a new light. What fraction of the amino acids in a given polypeptide sequence is, in fact, essential for the successful folding of the protein? Is it 75% or 50%? Could it be as low as, say, 20%? To restate the problem in a different way, could one take a known protein and replace a large number of 'non-essential' amino acids with alanine, yet still have a folded functional protein? In such a 'polyalanine protein' all non-essential side chains would have been lost; this allows one to focus on those parts of the amino acid sequence that are critical for the folding process.
As a modest first step in this direction, and also to further investigate the role of alanine as a helix-stabilizing residue, five amino acids within a-helix 126-134 ( Fig. 1) were substituted by alanine, either singly or in selected combinations. Together with three alanines already present in the wild-type structure this provided a set of mutant proteins with up to eight alanines in sequence. All the variants behave normally, suggesting that the majority of residues in the a-helix are non-essential for the folding of T4 lysozyme. Of the five individual alanine substitutions, four result in a slight increase in protein stability and one, the replacement of a buried leucine with alanine, substantially decreases
The results support the idea that alanine is a residue of high helix propensity. The change in protein stability observed for each of the multiple mutants is approximately equal to the sum of the energies associated with each of the constituent substitutions.
All of the variants could be crystallized isomorphously with wild-type lysozyme and, with one trivial exception, their structures have been determined at high resolution. Substitution of the largely solvent-exposed residues Asp-127, Glu-128 and Val-13 1 with alanine causes essentially no change in structure except at the immediate site of replacement. Substitutions of the partially buried Asn-132 and the buried Leu-133 with alanine are associated with modest (~0 . 4 A) structural adjustments. The structural changes seen in the multiple mutants are essentially a combination of those seen in the constituent single replacements (Fig. 2) . The different replacements therefore act essentially independently not only so far as changes in energy are concerned, but also in their effect on structure. The destabilizing replacement Leu-133 -+ Ala makes a-helix 125-134 somewhat less regular. Incorporation of additional alanine replacements tends to make the helix more uniform. For the penta-alanine variant a distinct change occurs in a crystalpacking contact, and the 'hinge-bending angle' between the amino-and carboxy-terminal domains changes by 3.6". This tends to confirm that such hinge-bending in T4 lysozyme is a low-energy conformational change.
Single and multiple Xaa -+ Ala substitutions were also constructed7 in the a-helix in bacteriophage T4 lysozyme comprising residues 39-50 (Fig. 1) . The individual substitutions of the solvent-exposed residues Asn-40, Ser-44 and Glu-45 with alanine slightly increase the thermostability of the protein (Fig. 3) . Replacement of Asp-47 and Lys-48 with alanine slightly decrease stability. The replacements of the partially buried side chain of Lys-43 and the completely buried side chain of Leu-46 result in a significant decrease in the thermostability. The crystal structures of the latter two variants reveal that the mutations result in the creation of hydrophobic cavities within or on the surface of the protein. In the case of the charged amino acids Glu-45 and Lys-48, the changes in melting temperature indicate that the putative salt bridge between these two residues contributes essentially nothing to the stability of the protein. The variant with alanines substituted at ten consecutive positions (A40-49) folds normally, has activity essentially the same as wild-type, and has a decrease in thermostability (-10.7 "C in melting temperature; -2.5 kcal mol-' in free energy of unfolding). The ability of this protein to fold clearly demonstrates the redundancy that is present in the amino acid sequence. The crystal structure of this polyalanine mutant displays no significant change in the main-chain atoms of the helix when compared with the wild-type structure. The melting temperature of the lysozyme in which the 'crucial' amino acids Lys-43 and Leu'46 are retained, and positions 40, 44, 45, 47 and 48 are substituted with alanine ( i.e. A40-42/A44-45/A47-49), is increased by 3.1 "C relative to wild-type at pH 3.0, but reduced by 1.6 "C at pH 6.7.
The study provides further evidence that the replacement of solvent-exposed residues within a-helices with alanines may be a general way to increase protein stability. The general approach may permit a simplification of the protein-folding problem by retaining only amino acids proven to be essential for folding and replacing the remainder with alanine. Fig. 2 'Shift plots' showing the displacement of the backbone atoms of each mutant relative to wild-type lysozyme. Each mutant structure was superimposed on wild-type so as to minimize the root-mean-square discrepancy between the respective backbone atoms in the carboxy-terminal domains (residues 81-160). For each amino acid the value plotted is the average (i.e. rms) discrepancy between the corresponding backbone atom (C", CB, 0 and N) in the mutant and wild-type structure. The single mutation Leu-133 + Ala causes backbone shifts in the vicinity of residues 109-114 and similar shifts are seen in all mutants that include this replacement (solid stars). Similarly, the mutation Asn-132 + Ala causes changes in the vicinity of residues 126-134 which are seen in all variants that include N132A (open stars). ( a ) L133A, (b) D127A/E128A,
D127A/ E128A/V13 1 A/ N132A/ L133A, superposition based on the amin9-terminal domains (residues 15-60). The large shift in Thr-21 is associated with a change in crystal contact between the backbone of Thr-21 and the side-chain of Trp-126. Reproduced with permission from X-J. Zhang 
Hydrophobic Stabilization in Proteins
It is generally agreed that the hydrophobic effect is the major factor in stabilizing the folded structures of glubular proteins. Until recently, it has also been generally agreed that the strength of the hydrophobic effect, i.e. the energy of stabilization provided by the transfer of hydrocarbon surfaces from solvent to the interior of a protein, is ca. 25-30 cal mol-' 81-2.8*9
Some recent studies using site-directed mutagenesis and protein denaturation have, however, suggested that the strength of the hydrophobic effect might be much higher. In a typical experiment a hydrophobic residue within the core of a protein is substituted by a smaller hydrophobic residue and the resultant change in the stability of the folded vs. the unfolded (or denatured) form of the protein is taken as a measure of the difference between the hydrophobic stabilization provided by the two amino acids. Such experiments carried out with different protein^^^-'^ or at different sites within the same p r~t e i n '~ have, however, given variable results. Shortle, for example, replaced each of the leucines in staphylococcal nuclease with alanine and found that the decrease in free energy of protein folding ranged from 1.6 to 5.8 kcal m~l -' . '~ The latter value corresponds to stabilization of ca. 80 cal mol-' A-' , a value about four times that estimated from solvent transfer experiment^.^'^*'^-'^ The reason for this discrepancy has not been resolved and remains the subject of debate.
A principal difficulty in addressing this problem has been the lack of relevant structual data. How does a protein structure respond when a bulky hydrophobic residue such as leucine is replaced by a smaller residue such as alanine? Does the protein structure remain essentially unchanged'2y13 or is there structural rearrangement to avoid the creation of a To address these questions six 'cavity-creating' mutants Leu-46 + Ala (L46A), L99A, L118A, L121A, L133A and F153A have been constructed within the hydrophobic core of phage T4 lysozyme. 21 The substitutions decrease the stability of the protein at pH 3.0 by different amounts, ranging from 2.7 kcal mol-' for L46A and L121A to 5.0 kcal mol-' for L99A. The double mutant L99A/ F153A was also constructed and decreases stability by 8.3 kcal mol-!. All variants were crystallized and their structures determined at high resolution.
The structural consequences of the mutations differ from site to site. In the case of L99A, for example, the protein structure hardly changes at all. For F153A, however, both side-chain and backbone shifts up to 0.8-1.0 81 were observed. In every case removal of the wild-type side chain allowed some of the surrounding atoms to move toward the vacated space but a cavity always remained, ranging in volume from 24 A3 for U 6 A to 150 A3 for L99A. Solvent molecules were never observed in any of these cavities.
As shown in Fig. 4(a) and (b), there is an approximate relationship between the increase in cavity size associated with a given replacement and the reduction in protein stability. Five of the replacements in the figure are of the form Leu -+ Ala. We have also included the Phe-153 -, Ala replacement because a phenylalanine side chain is approximately the same size as a leucine and is expected to have approximately the same hydrophobic ~t r e n g t h . '~"~ The inclusion of the double mutant L99A/F153A in Fig. 4 provides an example where the overall cavity volume is large (207 A'; equivalent to a 5.9A cube) and the protein is quite unstable. We take this double mutant to be approximately representative of a protein in which two leucines have each been replaced with alanine. Subject to these and other assumptions," Fig. 4(a) and (b) suggest that the decrease in protein stability associated with a Leu-, Ala replacement consists of a constant-energy term of ca. 1.9 kcal mol-' plus a second energy term that depends on the size of the cavity created by the substitution. The magnitude of the constant energy term corresponds with values of 1.7-1.9 kcal mol-' for the difference in hydrophobicity In the vicinity of the double mutant an additional -1.9 kcal mol-' is added to AAG to reflect the fact that in this case both a leucine and a phenylalanine (which is here regarded as equivalent to a second leucine) have been replaced with alanine. This suggests a way to reconcile the different values for the hydrophobic strength obtained, on the one hand, by solvent-transfer experiments and, on the other hand, by directed mutagenesis. Fig. 4(a) and (6) suggest that the change in energy associated with the replacement of a buried leucine with an alanine consists of two parts. The first part is a constant and is presumed to depend only on the identities of the two amino acids being compared, in this instance leucine (or phenylalanine) and alanine. Physically this energy term can be considered as the difference in energy required to desolvate (i.e. transfer from solvent to protein interior) a leucine relative to an alanine. The second part of the change in protein stability associated with the Leu --.* Ala replacements [ Fig.  4( a), ( b ) ] depends on the context within the three-dimensional structure and the way in which the protein structure adjusts in response to the substitution. One can imagine two extreme situations. In one case a Leu -+ Ala replacement is constructed and the protein structure remains completely unchanged ( CJ L99A). In this situation the size of the created cavity is large and the mutant (Ala) protein is maximally destabilized. In the other extreme, the protein structure relaxes in response to the Leu --* Ala substitution, fills the space occupied by the leucine side chain, and so avoids the formation of any cavity whatsoever. In this case, and in the absence of any other energy terms that might come into play, the decrease in energy of the mutant protein relative to wild type would reduce to the constant energy term described above, i.e. ca. 1.9 kcal mol-'.
In order to explain the observed changes in protein stability caused by cavity-creating mutations it is not necessary to suggest that the hydrophobic effect should be counted twice, once for the residue removed and once for the cavity Neither is it necessary to argue that the strength of the hydrophobic effect needs to be revised from the accepted value of ca. 25-30 cal mol-' A-* to a new value of 43-47 cal mol-' A-2 19720*22
Ligand Binding with cavities
We have shown by crystallographic (Fig. 5 ) and thermodynamic analysis that the cavity created by the replacement Leu-99 4 Ala in T4 lysozyme is large enough to bind benzene and that ligand binding increases the melting temperature of the protein by 5.7 "C at pH 3.0?3 Benzene does not, however, bind to the cavity created by the Phe-153 ---* Ala replacement. This shows that cavities can be engineered within proteins and suggests that such cavities might be tailored to bind specific ligands. The binding of benzene at an internal site 7 A from the molecular surface also illustrates the dynamic nature of proteins, even in crystals.
